Many efforts to date evolutionary divergences by using a molecular clock have yielded age estimates that are grossly inconsistent with the paleontological evidence. Such discrepancies often are attributed to the inadequacy of the fossil record, but many potential sources of error can affect molecular-based estimates. In this study, we minimize the potential error caused by inaccurate topology and uncertain calibration times by using a well-supported tree, multiple genes, and multiple well-substantiated dates to explore the correspondence between the fossil record and molecular-based age estimates for major clades of tracheophytes. Age estimates varied because of gene effects, codon position, lineage effects, method of inferring branch lengths, and whether or not rate constancy was assumed. However, even methods designed to ameliorate the effects of rate heterogeneity among lineages could not accommodate the substantially slower rates observed in Marattia ؉ Angiopteris and in the tree ferns. Both of these clades of ferns have undergone dramatic decelerations in their rates of molecular evolution and are ''molecular living fossils,'' consistent with their relative morphological stasis for the past 165-200 million years. Similar discrepancies between the fossil record and molecular-based age estimates noted in other studies may also be explained in part by violations of rate constancy among lineages.
F
or nearly four decades, biologists have attempted to infer divergence dates from molecular data by using the concept of a molecular clock (1, 2) . However, these efforts have met with only mixed success, as evidence for rate heterogeneity has accumulated (e.g., refs. 3-7), and as it has become clear that many estimated divergence times are grossly inconsistent with the fossil record (e.g., refs. [8] [9] [10] . Although ''the clock'' has been known for some time to ''tick'' at different rates in different lineages and different genes, most studies that have used molecular data to estimate divergence times have neither considered potential sources of error or bias, nor provided confidence levels for the estimates reported. Furthermore, although the fossil record is typically regarded as sufficiently reliable to provide dates to calibrate the clock, when dates inferred from molecular data conflict with the fossil record, the latter is often dismissed as inadequate.
Many sources of error and bias can affect molecular-based estimates of divergence times. Obviously, an incorrect topology will yield erroneous estimates, although the magnitude of the problem depends on the extent of the topological error (11) . Likewise, inaccurate calibration will bias the resulting estimates for other divergences. Equally seriously, however, heterogeneous rates of evolution among lineages are well known (3) (4) (5) (6) (7) , and a failure to recognize such heterogeneity can compromise resulting estimates of divergence times. Inadequate sampling of taxa, coupled with rate heterogeneity, can compound the problem. For example, most molecular-based estimates of the age of the angiosperms greatly exceed the date inferred from the fossil record, 125-135 million years ago (mya). However, taxon sampling in these studies is skewed toward herbaceous species, especially grasses, which have elevated rates of molecular evolution relative to woody species (4) . Estimates of divergence times may also vary among genes or other data partitions (e.g., 1st and 2nd vs. 3rd codon positions); such effects may be accommodated by different substitution models and should be evaluated in studies that combine multiple genes. A further key potential source of error or bias is the method used to estimate divergence dates. Although nearly any phylogram for any group of organisms clearly portrays violation of a molecular clock, with interspersed long and short branches, few studies that estimate divergence times test for clock-like behavior, and fewer still attempt to accommodate this violated assumption. Alternative methods, designed to accommodate rate inconstancy, have been proposed [e.g., nonparametric rate smoothing (NPRS; refs. 12 and 13); hidden-Markov methods (see ref. 13); likelihood methods (14, 15) ; Bayesian methods (16, 17) ; alternatives reviewed by Sanderson and Doyle (11) ] but have rarely been tested, and their effectiveness is unknown.
Utilization of the fossil record also confronts many potential errors that could create problems in calibrating a molecular clock or for comparisons with molecular-based dates. Differing degrees of uncertainty in dating fossils is an inherent feature of the study of the geological record. The relevant fossils must also be accurately positioned on a cladogram of extant taxa based on synapomorphies. Further, it is also important that the date for the stem lineage of an extant group, which corresponds to the time a lineage diverged from its extant sister group, is not confused with the date for the crown group, which corresponds to the age of the extant group's most recent common ancestor. Molecular-based dates correspond to the ages of the crown groups, and thus it is critical that the fossils under consideration are also referable to the crown group. Finally, of course, fossils only provide minimum age estimates, and the fossil record inevitably incorporates many biases and real gaps.
Molecular-based estimates of divergence times in plants reveal a vast range of dates: for example, the age of the angiosperms has been estimated as 350-420 mya (18) , Ͼ319 mya (8, 9), 200 mya (19, 20) , 160 mya (7), to 140-190 mya (11) . However, although some of these studies examined potential error caused by calibration time, lineage effects, or substitutional noise, only Sanderson and Doyle (11) thoroughly investigated multiple sources of error. Despite the uncertainties and the multiplicity of potential errors associated with molecular-based estimates of divergence times, the presence of large molecular data sets will continue to stimulate attempts to apply a molecular clock. Furthermore, even approximate age estimates for groups that lack a fossil record are better than none. Thus, it is imperative that such analyses are placed on the most secure foundation possible, consider potential sources of error, and determine the best methods to deal with realities such as rate heterogeneity among lineages or genes. The robustness of current methods to violations of their assumptions also needs careful examination.
In this article, we minimize errors of topology and calibration by using a well-supported tree that includes all major clades of tracheophytes and multiple strongly supported dates across a broad span of geologic time, to explore the correspondence between the fossil record and molecular-based age estimates. We also evaluate variation caused by method of estimation and calibration point. We estimate the ages, with confidence intervals, of major clades of tracheophytes, using (i) a tree based on four genes and morphology (21) , (ii) data from four genes singly and combined, and (iii) multiple calibration points representing well-substantiated dates in the fossil record. We also test for rate constancy among lineages and heterogeneity of rates among genes and codon positions in protein-coding genes and evaluate sensitivity of age estimates to branch lengths inferred by maximum parsimony (MP) and maximum likelihood (ML), the effectiveness of NPRS relative to an assumption of rate constancy, and the correspondence of molecular-based estimates to the fossil record.
Materials and Methods
Topology and Calibration Points. The phylogenetic tree of tracheophytes used in this study is the ML tree of Pryer et al. (21) inferred from analysis of the plastid genes rbcL, atpB, and rps4 and nuclear 18S ribosomal DNA (Fig. 1) (25, 26) , the distribution of introns (27) , and some DNA sequence data sets (e.g., ref. 28)]; basal polytomy, as reported by Pryer et al. (21) .
The dates for the calibration points used in this paper are based on the time scale of Harland et al. (29) . Ages of clades are minimum ages estimated conservatively for the crown group by the first appearance of fossils clearly referable to one of the constituent lineages based on morphological synapomorphies. For example, although the time of origin of the angiosperms is unclear, the dates selected as calibration points correspond to fossils that are clearly angiosperms and are thus conservative. Further justification for the dates used is provided in the Appendix, which is published as supporting information on the PNAS web site, www.pnas.org. Four different calibration points were used, and in two cases a more conservative and less conservative calibration were used to explore the potential effects.
Tests of Rate Heterogeneity. In all ML analyses, we used an HKY85 model of DNA evolution (30) in which we estimated base frequencies and the transition͞transversion ratio from the data; to account for rate heterogeneity among sites, we used a gamma distribution (31) with the alpha shape parameter esti- For each gene taken separately and all genes combined, rate heterogeneity across lineages was tested by using a likelihood ratio (LR) test (32) . Significance was assessed by comparing ⌳ ϭ Ϫ2 log LR, where LR is the difference between the -ln likelihood of the tree, with and without enforcing a molecular clock, with a 2 distribution (with n Ϫ 2 degrees of freedom, where n is the number of taxa).
Rate heterogeneity between pairs of data partitions (genes or codon positions) was also tested by using a LR test: LR ϭ [ln L Ϫ (ln L1 ϩ ln L2)], where L1 is the likelihood of the tree with one partition, L2 is the likelihood of the tree with the second partition, and L is the likelihood of the tree with both partitions combined. The test statistic ⌳ was compared with a 2 distribution, with degrees of freedom computed following Sanderson and Doyle (11) . Rate heterogeneity among partitions was assessed with and without enforcing a molecular clock. In the tests without a molecular clock enforced, likelihoods were computed on the tree of Pryer et al. (21) ; however, the basal polytomy of this tree precluded the computation of likelihood values on this tree under the assumption of a molecular clock. Therefore, tests of rate heterogeneity among genes with a molecular clock enforced used the tree with outgroups monophyletic (see above).
Estimation of Ages.
Because all tests of rate heterogeneity among lineages were highly significant (Table 2) , we dated the nodes by using the NPRS method of Sanderson (12) . Using PAUP* 4.0 (33), we calculated MP and ML branch lengths when single genes, or all combined, were optimized onto the tree of Pryer et al. (21) . These trees with branch lengths were then transformed into ultrametric trees by using the NPRS method implemented in the software TREEEDIT (version 1.0 alpha 4-61, August 2000, written by Andrew Rambaut and Mike Charleston and available at http:͞͞evolve.zoo.ox.ac.uk͞software͞TreeEdit͞main.html). To transform relative time to absolute ages we calibrated the trees by using dates from the fossil record. To compute error estimates for the ages inferred from single genes or all combined, we reapplied the NPRS procedure to 100 bootstrapped matrices obtained by resampling the data irrespective of codon position by using PHYLIP 3.573c (34) .
Results and Discussion
Tests of Rate Heterogeneity. All genes, separate and combined, show significant rate heterogeneity among lineages (Table 2) . Furthermore, all pairs of genes evolve at significantly different rates across this tree (Table 3) , whether or not a molecular clock is enforced. The relative rates of evolution of the four genes are rps4 Ͼ atpB Ϸ rbcL Ͼ 18S rDNA. With the exception of 1st versus 2nd codon positions in rps4, computed with a molecular clock, all codon positions evolve at significantly different rates in the three protein-coding genes, whether or not a molecular clock is enforced (Table 7 , which is published as supporting information on the PNAS web site).
Comparison of Estimates from Different Partitions. Age estimates varied considerably among genes (Table 4) . For example, considering estimates only for node 2 (tracheophytes), when 125 mya was used as a conservative calibration point for node 28 (angiosperms), values for node 2 using MP ranged from 414.3 mya (rps4) to 513.2 mya (18S rDNA), and using ML ranged from 490.5 mya (rps4) to 680.3 mya (18S rDNA). The plastid gene rps4 typically yielded the youngest age estimates for a given node, followed in order of increasing age by atpB and rbcL, with the oldest age estimates consistently provided by the only nuclear gene, 18S rDNA. However, deviations from this general pattern were observed for some nodes (e.g., nodes 22, 24, 25, and 26) for which rbcL or atpB provided the oldest age estimates ( Table 4) . The standard deviations for all estimates are also high (Table 4) , for individual genes and for the combined matrix. Thus, considerable variance surrounds each age estimate.
Age estimates also varied dramatically by codon position (Table 8 , which is published as supporting information on the PNAS web site). For example, when 125 mya was used for node 28 (angiosperms), values for node 2 (age of tracheophytes) using MP ranged from 403.8 (3rd position) to 814.9 (1st) for atpB, from 193.6 (2nd) to 506.8 (3rd) for rbcL, and from 361.4 (3rd) to 517.5 (2nd) for rps4. ML values for 3rd positions were generally older than MP estimates, often nearly twice as old (Table 8) , suggesting that multiple substitutions may have occurred at some 3rd positions. Age estimates obtained by using a calibration of 377.4 mya for node 29 (lycophytes) showed similar patterns among codon positions but different ages (data not shown).
Comparison of Estimates from Different Methods. ML and MP age estimates differed greatly (Table 4) , with the ML estimates considerably older than those obtained with MP for all data partitions; the MP estimates agree more closely with the fossil record ( Table 4 ). Because ML corrects for multiple substitutions, ML estimates may be expected to be older than MP estimates, but the ML estimates for most nodes are clearly inconsistent with the fossil record.
Because significant lineage effects were detected, we used Sanderson's (12) NPRS method to ameliorate rate differences among clades. This method estimates rates and divergence times by using a criterion that maximizes the autocorrelation of rates within clades. However, the effectiveness of this approach for accommodating rate inconstancy has not been tested, and Sanderson and Doyle's (11) preliminary analyses with angiosperms suggest that NPRS may actually aggravate rather than ameliorate the problem, at least when rates of molecular evolution change abruptly.
To examine the effects of using NPRS, we compared the results obtained with NPRS to those obtained with the widely used approach of defining the relative age of a node in a nonultrametric tree as the maximum branch length from that ''Direct'' age estimates are NPRS estimates computed directly from the tree by using the original combined data set rather than the bootstrapped matrices. mya). The more ''reasonable'' estimates, of 740 mya for tracheophytes and 794 mya for land plants, both of which are approximately 350 million years older than the fossil record, came from the calibration of lycophytes at 400 mya. However, use of this calibration point resulted in estimates for other lineages, such as the angiosperms (56 mya), Marattia ϩ Angiopteris (38 mya), and tree ferns (127 mya), much younger than the fossil record (conservatively 125, 166.1, and 166.1 mya, respectively). Estimates obtained by using the ML branch lengths were even more problematic: the older dates were far older, and the younger dates were far younger. The use of NPRS, although not sufficient to account for all rate heterogeneity among lineages, certainly brought at least some estimated ages into line with the fossil record.
Effects of Outgroup Topology on Estimates.
The effects of outgroup topology were ascertained through comparisons of divergence estimates by using MP branch lengths and the calibration point of 125 mya for the angiosperms. The most severe effects were at the basal tracheophyte nodes, although the differences were no more than 3 mya or 4 mya, except for the lycophyte dates, which differed by 12 mya (Table 5 ). Effects at more internal and terminal nodes were minimal, with differences of 1-2 mya (data not shown). Thus, as Sanderson and Doyle (11) found in their analysis of the age of the angiosperms, relationships among the outgroups have surprisingly little effect, even on basal nodes of the ingroup.
Comparison of Estimates from Different Calibration Points. The use of different calibration points had a major impact on the age estimates for nodes (Table 6 Table 6 . Ages of nodes inferred from the optimization of the combined data set using MP, the tracheophyte tree of Pryer et al. (21) with a basal polytomy, and various nodes as calibration points (see Fig. 1 We obtained very similar results when dates for either node 29 (lycophytes) or node 25 (gymnosperms) were used as calibration points. The estimates for the age of seed plants, gymnosperms, and angiosperms (in the former) and estimates for the age of lycophytes and angiosperms (in the latter) agreed closely with the fossil record, whereas the estimates for the ages of both node 12 (tree ferns) and node 19 (Marattia ϩ Angiopteris) were again very low compared with the fossil record. In contrast, however, when fossil dates for nodes 12 (tree ferns) and 19 (Marattia ϩ Angiopteris) were used as calibration points, the estimates for all other nodes became anomalously old (Table 6 ).
Conclusions
We detected significant rate heterogeneity among lineages of land plants and among genes, even those from the plastid genome. Age estimates based on techniques that assume rate constancy among lineages are highly skewed, with most basal nodes being several hundred million years too old and some internal and terminal nodes being much too young, based on interpretations of the fossil record. NPRS provides estimates that are much more in line with the known history of life on earth. However, NPRS cannot accommodate all of the lineage effects, and age estimates vary substantially depending on the calibration point used.
Estimates of ages for clades of seed plants and lycophytes are reasonably consistent with each other, and with the fossil record, when other seed plant or lycophyte nodes are used for calibration. However, ages for several fern groups inferred from calibrations using seed plants or lycophytes are much too young compared with their unequivocal fossil record. Even when very conservative fern fossil dates are used to estimate the ages of seed plants and lycophytes, the results are strongly at odds not just with paleobotanical data but the whole corpus of geochronological knowledge. Our interpretation is that some clades, notably Marattia ϩ Angiopteris and the tree ferns, have apparently experienced a dramatic slowdown in their rates of molecular evolution. This pattern cannot be an artifact of insufficient sampling of ferns: all extant members of the (Marattia ϩ Angiopteris) ϩ Danaea clade were included in the Pryer et al. (21) tree. Likewise, the tree fern clade is also well sampled, and the overall backbone of the clade of leptosporangiate ferns (Polypodiidae) is also well represented.
Marattia, Angiopteris, and the tree ferns are ''molecular living fossils,'' consistent with their relatively stable morphologies through time. Two clades of angiosperms with good fossil records have also been considered molecular living fossils: Nelumbo ϩ Platanus and Fagus ϩ Carya (11) . The correspondence between relative stasis in morphological features and relative stasis in gene sequences indicates that, in some cases and in broad terms, the genome may evolve as a unit over long periods. At least in angiosperm families, the rate of morphological evolution correlates with the rate of neutral molecular substitutions (39) . This pattern stands in stark contrast to that observed for many angiosperm groups that have radiated recently on oceanic islands and exhibit extensive morphological divergence with minimal molecular evolution (40) .
